triangular) in such a way that one and two periods are taken into account. Considering those configurations, a uniform and discrete sweeping was carried out and the maximum PBGs for both TE and TM polarizations were computed.
A related conference paper was recently presented by the authors [14] , in which some results related to the structures depicted in columns 1 and 2 of Fig. 2 were briefly discussed.
II. MATERIALS AND METHODS
The PBG are computed applying the frequency-domain 2-D FEM over the unitary cell by imposing appropriate periodic boundary conditions [10] , [15] . For the sake of completeness, a brief description of the 2-D FEM is given next. Starting from the scalar Helmholtz equation given by (1) where , and for TE modes, and and for TM modes. Here, is the refractive index of either air or silicon . The fields and can be written as
0733-8724/$31.00 © 2012 IEEE where and are the fields' spatial envelopes and and are the propagation constants in the -and -direction, respectively, whose values are restricted to the first Brillouin zone (see Fig. 1 ). Substituting (2) in (1), applying the conventional Galerkin method, and discretizing the computational domain using six-node isoparametric second-order triangular elements, the following eigenvalue problem is obtained: (3) where the vector is the or the field for TM and TE modes, respectively. The matrices and are given in [10] . The irreducible Brillouin zones (see Fig. 1 ) are used for problems with folded symmetry and are limited by the points and Fig. 3 . Gap map in histogram form of midgap ratio as a function of the radius and pitch hole related to the structure illustrated in Fig. 2(a) for the PBG associated to and modes. Two orthogonal angle views are shown.
, for the square and triangular lattices, respectively. 
III. NUMERICAL RESULTS AND DISCUSSIONS
In this paper, the modal characteristics of a set of PCs were studied. For each configuration, several simulations were carried out by varying the rods/holes dimensions r and the distance among them , taking special care to avoid the overlapping between rods/holes. At each configuration, the mesh is automatically generated [16] before calling the FEM solver.
For all PBG calculations, 21 eigenvalues were obtained at each vertex of the irreducible Brillouin zones. This consideration reduces significantly the computational efforts and processing time. The average numbers of the unknowns of the FEM mesh were 34 864 and 70 173, for square and triangular lattices, respectively. This was enough to ensure the convergence of the FEM approach even for higher order modes.
In all the tables along this manuscript, we list the geometric parameters, polarizations, PBG modes, and midgap ratio of the maximum PBG related to each PC. We notice that several analyzed structures exhibited more than one PBG.
The obtained results and the discussions for square and triangular lattices are presented in next sections.
A. Square Lattices With Sublattices
The dimension of the rods/holes radius " " and the distance between them " " were uniformly discretized, for all the structures shown in Fig. 2 . Tables I and II. It can be seen from Tables I and II that the structure shown in Fig. 2 (a)-square sublattices with silicon rods embedded in air-presents the largest PBG in terms of midgap ratio. From Table I , the structures composed by rods embedded in air, are more promising to exhibit PBGs for both, TE and TM polarizations, being the TE PBGs the larger ones. We can realize that all obtained PBGs are related to higher order modes. Additionally, it can be observed from the same table that the maximum PBGs occur for relatively close values of " " and " ".
PBGs for TE modes are more likely to occur than the TM ones for the structures listed in Table II . Among them, the structures given in Fig. 2(m) and (o) exhibit the largest PBGs, which occur for TE higher order modes.
The histogram plot given in Fig. 3 shows the midgap ratio as a function of the radius and pitch hole related to the structure illustrated in Fig. 2(a) for the PBG associated to and modes. The histogram plot is presented in two different positions (with 90 of rotation with respect to the "midgap ratio" axis) for a better visualization of the results. From this figure, the robustness in connection with fabrication tolerance can be observed. The maximum midgap ratio reduces roughly 7.3% over 
TABLE III MAXIMUM PBGS IN TRIANGULAR UNITARY CELLS (WITH ONE PERIOD)
an increase or decrease of the radius in 20% from the optimal value. Reductions of roughly 89.6% and 6.89% are observed over an increase and decrease of the pitch in 12% from the optimal value, respectively.
The dispersion relations for both polarizations, linked to the two largest PBGs for the square lattices, which correspond to the structures presented in Fig. 2(a) (the largest PBG) and 
B. Triangular Lattices With Sublattices
In a similar fashion than for square lattices, the dimension of the rods/holes radii " " and the distance between them " " were uniformly discretized, for all the structures shown in Fig. 6 .
In Fig. 6 , the triangular unitary cells are composed by square and triangular sublattices. Although the internal geometries in Figs. 2 and 6 seem to be similar in both cases, the final crystal, Fig. 7 . Gap map in histogram form of midgap ratio as a function of the radius and pitch hole related to the structure illustrated in Fig. 6(g) for the PBG associated to and modes. Two orthogonal angle views are shown.
obtained by replicating the unitary cells, will result in different structures.
It can be observed from Fig. 6(a)-(h) , and from Fig. 6(i)-(p) , that the sublattices have one and two periods, respectively. The optimal parameters and the maximum PBG result obtained for each structure depicted in Fig. 6 are reported in Tables III  and IV. It can be seen from Tables III and IV that the structure represented in Fig. 6(g )-triangular sublattices with silicon rods embedded in air-presents the largest PBG in terms of midgap ratio and this occurs for TE polarization and for the lowest TE modes . Otherwise, configurations like the ones shown in Fig. 6(a) ,(c), and (e) present large PBGs for higher order TE modes.
From Table III, similarly to Table I , the structures composed by rods embedded in air are more promising to exhibit PBGs for both, TE and TM polarizations, being the TE PBGs the larger ones.
The two largest PBGs from Table IV are obtained for the structures shown in Fig. 6(m) and (o) , and occur for the lowest TE modes . On the other hand, the two largest PBGs of Table II, related to the structures shown in Fig. 2(m) and (o), occur for higher order modes.
The histogram plots given in Figs. 7 and 8 show the midgap ratio as a function of the radius and pitch hole related to the structure illustrated in Fig. 6(g) for TE and TM polarizations, respectively. The histogram plots are presented in two different positions (with 90 of rotation with respect to the "midgap ratio" axis for each one of the polarizations) for a better visualization of the results. From Fig. 7 , similarly to Fig. 3 , the robustness in connection with fabrication tolerance can be observed too. The maximum midgap ratio reduces roughly 42.8% over a decrease of the radius in 33% from the optimal value, and reduces roughly 14.8% if an increase of 23.5% of the pitch happens. We point out that by increasing the optimal radius and decreasing the optimal pitch, an overlapping of the rods occurs. The dispersion relations for both polarizations, linked to the largest PBGs for the triangular lattices, corresponding to the structure presented in Fig. 6(g) , can be seen in Fig. 9 .
The largest PBGs in all cases of square-lattice PCs considered in this study corresponded to the high-order modes. In triangular-lattice PCs, PBGs were obtained for low-and high-order modes. Thus, for optoelectronic applications, the first bandgap (with wider band) is generally used, in order to have a device whose optical properties are relatively independent of the PC parameter variation. But, PCs exploiting higher order modes would be more suitable for optofluidic and biosensing [17] .
IV. CONCLUSION
In conclusion, we have theoretically analyzed unitary cells of PCs with square and triangular lattices composed by sublattices (square and triangular) with one or two periods. For each configuration, the PBGs were evaluated for 21 modes for each polarization mode. Large PBGs were obtained and the resulting structures are well defined and exhibit geometries suitable to be fabricated using traditional techniques, such as electron beam lithography or focus ion beam milling, among others.
Furthermore, we can use these simulations as guidelines for several other PC configurations. In future works, symmetry reduction, as explored in [18] and [19] , can be used in the cases studied here in order to expand these PBGs or to explore other types. In addition, techniques like genetic algorithm [10] , [20] , among others, can be used to optimize the structures shown in Figs. 2 and 6 , considering different holes/rods dimensions inside the sublattice structure.
